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Abstract 20 
Ferrihydrite (Fh) is of great importance in affecting the migration and 21 
transformation of heavy-metal cations and oxyanions. To advance the understanding 22 
of co-adsorption reactions on Fh surface, the co-adsorption of phosphate and Zn(II) 23 
from aqueous solution to a synthesized Fh was determined. The batch experiments 24 
demonstrated a synergistic adsorption of phosphate and Zn(II) on Fh. In the pH range 25 
of 3.5 to 6, the adsorption of the two contaminants showed strong pH dependence in 26 
the single solute adsorption systems, but the dependence alleviated in the 27 
simultaneous adsorption system. X-ray photoelectron spectroscopy (XPS) revealed 28 
that the chemical shifts of Zn 2p1/2 and Zn 2p3/2 binding energies were more 29 
significant than that of P 2p in the single and simultaneous adsorption systems. On the 30 
other side, in situ attenuated total reflectance Fourier transform infrared (ATR-FTIR) 31 
suggested increased formation of outer- and inner-sphere complexes of phosphate in 32 
the simultaneous system. Thus, the synergistic adsorption of the two contaminants 33 
could be attributed to the formation of ternary complexes as well as electrostatic 34 
interactions, while surface precipitation could not be completely ruled out. On the 35 
basis of the results from both the batch adsorption experiments and structural 36 
characterization, these two contaminants were likely to form phosphate-bridged 37 
ternary complexes (≡Fe-P-Zn) on Fh in the simultaneous adsorption system. 38 
Keywords: Ferrihydrite; Zinc; Phosphate; Co-adsorption; Ternary complexes39 
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1. Introduction  40 
Iron (oxyhydr)oxides which can be formed through the weathering of many 41 
kinds of rocks and iron based clays, are ubiquitous in the environment and play 42 
significant roles in geochemical process (Stipp et al., 2002; Pedersen et al., 2006). In 43 
the family of iron (oxyhydr)oxides, ferrihydrite (Fh) is considered as one of the most 44 
distinct minerals, as it is a precursor to other iron minerals such as goethite and 45 
hematite (Jambor and Dutrizac, 1998; Meng et al., 2014). Due to its extremely large 46 
surface area and chemically active surface groups, Fh shows strong capacity in the 47 
adsorption of heavy-metal cations and oxyanions and therefore has a close 48 
relationship with the geochemical cycling of these contaminants (Jambor and Dutrizac, 49 
1998; Moon and Peacock, 2013). Furthermore, its abundance in the environment as 50 
well as easy availability and small toxicity also make it an excellent candidate in 51 
contaminant removal strategies (Hiemstra et al., 2009). Therefore, the interactions of 52 
Fh with heavy-metal cations and oxyanions have drawn significant concerns (Trivedi 53 
et al., 2004; Mallet et al., 2013), and the adsorption mechanisms of heavy-metal 54 
cations/oxyanions on Fh have been well studied, including ligand exchange (Mustafa 55 
et al., 2004; Das et al., 2013), electrostatic interactions (Fukushi et al., 2013 ), surface 56 
precipitation (Michael et al., 2013), etc.  57 
On the other hand, oxyanions and heavy-metal cations often co-exist in the 58 
environment, and their co-adsorption behaviors of the two species on geosorbents 59 
therefore have received great concerns as well (Diaz-Barrientos et al., 1990; 60 
Swedlund et al., 2003; Li et al., 2006). Prior studies revealed that the adsorption of 61 
heavy-metal cations (e.g. copper, cadmium, nickel and zinc) and oxyanions (e.g. 62 
phosphate, arsenate) on (oxyhydr)oxides can be either inhibited or promoted by each 63 
other (Krishnamurti et al., 1999; Jiang et al., 2013). Decreased adsorption may arise 64 
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from the competition for coordination sites at the metal oxide surface, or the 65 
formation of a stable non-adsorbing cation-oxyanion complex in solution (Benjamin 66 
and Leckle, 1982; Theis and West, 1986). Promoted adsorption could be attributed to 67 
the reduced electrostatic repulsion during the co-adsorption of oppositely charged 68 
contaminants (Diaz-barrientos et al., 1990; Collins, 1999) as well as the formation of 69 
surface precipitates (Katherine, et al., 2012) and surface ternary complexes (Ler and 70 
Stanforth, 2003; Jiang et al., 2013; Elzinga and Kretzschmar, 2013). The different 71 
adsorption behaviors probably can be attributed to the physicochemical properties of 72 
the adsorbents and the cation-anion pairs, solutions pH, and surface adsorption 73 
coverage, etc.  74 
Until now, most of the co-adsorption studies focused on goethite (α-FeOOH) 75 
(Wang and Xing, 2002; Masakazu et al., 2013), hematite (α-Fe2O3) (Li et al., 2006), 76 
and clay minerals (Zhu et al., 2014), while Fh received less concern. The limited 77 
studies showed that oxyanions and heavy metal cations generally can be 78 
synergistically adsorbed on Fh (Swedlund et al., 2003; Song et al., 2008; Tiberg et al., 79 
2013; Ivan et al., 2012). Swedlund et al. (2003) investigated the effect of SO4 on the 80 
adsorption of Co(II), Pb(II), and Cd(II) on Fh and proposed the formation of 81 
cation-bridged ternary complexes. Tiberg et al. (2013) stated a similar mechanism in 82 
the co-adsorption of phosphate and Cu(II)/Pb(II) on Fh according to the results of 83 
EXAFS spectra and the CD-MUSIC model. However, Ivan et al. (2012) observed 84 
quite different results in the co-adsorption of arsenic and Zn(II) at pH/pD 8 on Fh, 85 
they believed the precipitation of zinc hydroxide carbonate followed by arsenate 86 
adsorption on it was the plausible mechanism for the synergistic adsorption. On the 87 
other hand, many studies quite often showed the formation of oxyanion-bridged 88 
ternary complexes on other geosorbents, particularly when phosphate and arsenate 89 
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were used as the co-adsorption oxyanion (Zhao and stanforth, 2001). As such, one 90 
might wonder whether the oxyanion-bridged ternary complexes can be formed on Fh 91 
as well.  As the co-adsorption behavior of oxyanions and heavy metal cations on Fh 92 
is rather complex, it still needs extensive investigations .   93 
In the present study, phosphate was chosen as oxyanion because it has a 94 
relatively high affinity to iron (oxyhydr)oxides and often reported to form 95 
oxyanion-bridged ternary complexes on geosorbents (Ler and Stanforth, 2003); Zn(II) 96 
was selected as heavy metal cation due to its relatively weak affinity to geosorbents 97 
(Zhou et al., 2002). One therefore may expect the formation of phosphate bridged 98 
ternary complexes on Fh. Another reason for choosing these two contaminants was 99 
the wide distribution of phosphate and Zn(II) in developing countries (e.g., in China), 100 
because of the widespread applications of phosphate-containing fertilizers and 101 
Zn(II)-containing pesticides, as well as the industrial and mining activates related to 102 
them. (Kabata-Pendias and Pendias, 2001). The mobility and accumulation of 103 
phosphate and Zn(II) in long term are likely to be affected by their interactions on the 104 
surface of geosorbents.  105 
Batch adsorption experiments were carried out to examine the adsorption 106 
behaviors of phosphate and Zn(II) on Fh both in the single and simultaneous 107 
adsorption systems. Experimental data showed that phosphate and Zn(II) could be 108 
synergistically adsorbed on Fh; combining with the XPS and ATR-FTIR results, we 109 
hypothesized a phosphate-bridged ternary complexes model for the co-adsorption of 110 
the two contaminants on the surface of Fh. 111 
2. Materials and methods 112 
2.1. Materials 113 
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All glassware and plasticware were cleaned by soaking overnight in diluted HCl 114 
solution and washed in deionized water before the experiments. FeCl3, NaOH, HCl, 115 
KH2PO4, and ZnCl2 of analytical grade (purity >99%) were obtained from Shanghai 116 
Chemical Co., China, and used as received.  117 
2.2. Preparation of Fh 118 
Two-line Fh was synthesized in the laboratory as reported by Schwertmann and 119 
Cornell (1991) with slight modifications: FeCl3 solution (1 M, 50 mL) was added into 120 
NaOH solution (6 M, 25 mL) dropwise with vigorous stirring by a magnetic stirrer 121 
until the pH stabilized at 7. The suspension was standing for 30 min and the 122 
precipitates were separated by centrifugation at 5000 rpm for 10 min. Thereafter, the 123 
precipitates was washed by deionized water to remove the electrolyte on the surface. 124 
The washed material was dried at 50°C for 8 h before ground to pass a 100 mesh 125 
sieve and the final product was stored in 4°C freezer.  126 
2.3. Characterization of Fh 127 
The X-ray diffraction (XRD) patterns of Fh before and after the adsorption of 128 
contaminants were recorded using a Bruker D8 ADVANCE X-ray diffractometer 129 
(Karlsruhe, German), operating at 40 kV and 40 mA with CuKa radiation. The 130 
patterns were recorded over the 2θ range of 10-80o at a scanning speed of 1o/min, 131 
thereupon, the characteristic peaks of Fh were available.  132 
Nitrogen sorption-desorption isotherms at 77 K were determined by means of a 133 
NOVA 2200e Surface Area & Pore Size Analyzer from Quantachrome (Boynton 134 
Beach, Florida, USA), using samples that were previously degassed under vacuum at 135 
100oC for 12 h. The relative pressure (P/P0) range of 0.05-0.35 was selected for the 136 
calculation of BET surface areas. 137 
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The zeta potentials of Fh under different pH were examined by Malvern, 138 
Zetasizer nano ZS Instrument (Malvern Instruments, UK). 0.75 mL finely dispersed 139 
Fh suspension with the ionic strength of 0.001 M and pH 5 were transferred into the 140 
zeta cell and an equilibration time of 2 min was needed prior to starting 141 
measurements. 142 
2.4. Adsorption experiments 143 
Two different adsorption systems were conducted in the experiments: (1) 144 
adsorption of a single contaminant on Fh (‘P’ system or ‘Zn’ system) and (2) 145 
simultaneous adsorption of two contaminants on Fh (‘P+Zn’ system). In the single 146 
systems, the adsorption of phosphate or Zn(II) on Fh was measured using the initial 147 
concentration of 0.081-5.2 mM for phosphate and 0.038-2.4 mM for Zn(II). In the 148 
‘P+Zn’ system, the initial concentration of the one contaminant was set the same as 149 
that in the single adsorption systems; meanwhile, three concentrations of the 150 
coexisting contaminant were considered, i.e., 0.32, 1.6, and 3.2 mM for phosphate and 151 
0.15, 0.76, 1.5 mM for Zn(II), and the two contaminants were added to the polythene 152 
tubes at the same time. The values of [Zn2-]3[PO43-]2 in different experimental 153 
conditions were below the Ksp value of Zn3(PO4)2 (9.0×10-33) (Dean, 1999) to 154 
eliminate the possibility of precipitation reactions in the solution. The effects of pH on 155 
the adsorption of contaminants on Fh were examined in the two systems, with the 156 
solution concentrations of 1.6 and 0.76 mM for phosphate and Zn(II), respectively.  157 
To obtain the adsorption isotherms, 0.05 g Fh was combined with 20 mL 158 
solutions containing different concentrations of phosphate and/or Zn(II) in 50 mL 159 
polythene tubes. The tubes were rotated at 150 rpm and 25oC for 24 h (equilibration 160 
time was acquired from the adsorption kinetic experiments), and experiments were 161 
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carried out under pH 5 and in 0.001 M NaCl unless otherwise stated. Then the 162 
suspensions were centrifuged at 5000 rpm for 20 min. The concentration of phosphate 163 
in the supernatant was measured using the molybdenum method (Murphy and Riley, 164 
1962), and that of Zn(II) was determined by atomic absorption spectrometry. In order 165 
to check the release of H+ or OH-, the pH of the Fh suspensions was initially adjusted 166 
to 5.0±0.1 using 0.5 M HCl and 0.5 M NaOH, and all of the solutions were adjusted 167 
to 5.0±0.1 as well before they were combined with Fh. No further adjustment of 168 
solution pH was made during the adsorption process, which could help in examining 169 
the release of H+/OH- during the adsorption process. The effects of pH on the 170 
adsorption of contaminants on Fh were investigated in the single and simultaneous 171 
adsorption systems, in which the concentrations of contaminants were set to 1.6 mM 172 
for phosphate and 0.76 mM for Zn(II), and the initial solution pH was set in the scope 173 
of 3.5-6. All experiments were carried out in triple and the error bars were displayed 174 
in the figures. 175 
2.5. X-ray photoelectron spectroscopy 176 
XPS analyses of Fh before and after the adsorption of contaminants were carried 177 
out in a Thermo Fisher Scientific K-Alpha spectrometer. The spectra were collected 178 
with pass energy of 1486.68 eV and an analysis area of 500 μm2. To compensate for 179 
the charging effects, all spectra were calibrated using the C 1s peak with a fixed 180 
binding energy of 284.8 eV. The samples of Fh collected from the adsorption systems 181 
with 3.2 mM phosphate and/or 1.5 mM Zn(II), were dried in air for 24 h before 182 
analysis.  183 
2.6. In situ ATR-FTIR spectroscopy 184 
All ATR-FTIR experiments were conducted using a Bruker Vertex-70 FTIR 185 
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spectrophotometer equipped with a multibounce horizontal ATR accessory and flow 186 
cell (Pike Technologies). A horizontal ZnSe ATR crystal was coated with Fh film (2.5 187 
mg) by drying 1 mL of a 2.5 g/L finely dispersed Fh suspension evenly spread across 188 
the surface of crystal, which produced a stable deposit firmly adhered to the ATR 189 
crystal. The coated crystal was installed in a flow cell and connected to a sealed 190 
reaction vessel containing 0.001 M NaCl background solution with the pH being 191 
adjusted to 5. A peristaltic pump was used to circulate solute from the reaction vessel 192 
through the flow cell at a rate of 1 mL/min. At the same time, the solution pH was 193 
monitored throughout the experiment with adjustments and corrections made through 194 
addition of small aliquots of 0.5 M HCl and 0.5 M NaOH. The Fh deposit was 195 
equilibrated with the background solution for approximately 30 min, after which a 196 
background spectrum was collected. After that, the adsorption experiment were 197 
conducted with the circulate solution of phosphate or the mixed solution of phosphate 198 
and Zn(II). All the successive spectra were collected at 25oC over the range of 199 
400-4000 cm-1 with a resolution of 4 cm-1 and 250 scans, which then were ratioed to 200 
the background spectrum. At the end of each adsorption experiments, the Fh film was 201 
checked for any signs of film erosion, which were not observed.  202 
3. Results and discussion  203 
3.1. Structural characterization of Fh 204 
The XRD patterns of Fh before and after the adsorption of the contaminants were 205 
compared in this work (Figure 1a). The original Fh showed two broad reflections at 206 
2θ of 35 and 62o, consisting with previous studies (Jambor and Dutrizac, 1998), and it 207 
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confirmed the presence of two-line Fh particles. As the XRD patterns of Fh before and 208 
after adsorption were almost the same, the adsorption of phosphate and/or Zn(II) 209 
should have no evident impact on the crystal structure of Fh. The N2 210 
sorption-desorption isotherms showed that Fh could adsorb N2 at different relative 211 
pressure range, which suggested that Fh contained both micropores and mesopores. 212 
The BET specific surface area of 219 m2/g calculated from the N2 sorption-desorption 213 
isotherms was in accordance with the results of previous studies (Scheinost et al, 214 
2001). However, Fh frequently contains aggregates of which the internal surfaces may 215 
not be entirely accessible to N2, and the BET surface area would be lower than the 216 
real one. The PZC of Fh estimated from zeta potentials under different pH was 7.9, 217 
which was also similar to that of the previous studies (Jambor and Dutrizac, 1998). 218 
3.2. Simultaneous adsorption of phosphate and Zn(II) on Fh 219 
The effect of Zn(II) on phosphate adsorption on Fh in the ‘P+Zn’ adsorption 220 
systems were first examined (Figure 2a). The results showed that Fh could effectively 221 
adsorb phosphate in the absence of Zn(II). At low concentration (0.15 mM), Zn(II) 222 
could not evidently enhance the adsorption of phosphate, probably because phosphate 223 
had rather strong adsorption affinity on Fh while the adsorbed Zn(II) was quite small. 224 
In this case, the adsorbed Zn(II) showed limited effect on the adsorption of phosphate. 225 
At its higher concentrations (0.76 and 1.5 mM), Zn(II) significantly enhanced the 226 
adsorption of phosphate on Fh, and the extent of enhancement clearly increased with 227 
the concentration of Zn(II). In addition, the adsorption of phosphate leveled off for the 228 
two adsorption systems, which suggested that the adsorption of phosphate on Fh 229 
should have been saturated at high phosphate loading. In other words, as the 230 
concentration of Zn(II) increased from 0.76 to 1.5 mM, the enhanced adsorption of 231 
phosphate should be exclusively promoted by the co-adsorbed Zn(II), through ternary 232 
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complexes formation, electrostatic interactions, and/or surface precipitation.    233 
On the other hand, the adsorbed phosphate can in turn affect the adsorption of 234 
Zn(II), and therefore the correlation between the adsorbed amount of phosphate and 235 
Zn(II) was further considered (Figure 2b). Clearly, the adsorption of Zn(II) on Fh was 236 
rather weak in the low adsorbed phosphate range, but then it could be significantly 237 
enhanced as the adsorbed phosphate increased. As such, one could tell that the 238 
adsorption of Zn(II) was much weaker on Fh with a adsorption capacity of 0.08 239 
mmol/g compared to that of phosphate (0.72 mmol/g) under the experiment condition. 240 
Thus, the adsorption for Zn(II) in the co-adsorption systems was mainly promoted by 241 
the adsorbed phosphate, through ternary complexes formation, electrostatic 242 
interactions, and/or surface precipitation. At low concentrations (0.15 and 0.76 mM), 243 
Zn(II) could be completely adsorbed when the adsorbed phosphate reached a critical 244 
value, and therefore the adsorption of Zn(II) was shown to level off. At high 245 
concentration (1.5 mM), however, only ~88% of Zn(II) was adsorbed from the 246 
solution. As phosphate adsorption leveled off and both the contaminants were not 247 
completely removed, one would expect that the contaminants already reached their 248 
saturated adsorption on Fh, with the phosphate/Zn(II) mole ratio was of ~2 (1.08/0.54). 249 
On the other hand, according to above results, as the concentration of Zn(II) increased 250 
from 0.76 to 1.5 mM, the enhanced adsorption of the two contaminants was indeed 251 
caused by each other, which was 0.24 mmol/g for phosphate (1.08-0.84 mmol/g) and 252 
0.24 mmol/g for Zn(II) (0.54-0.3 mmol/g). In this case, the mole ratio of 1 suggested 253 
that adsorption of a certain amount of zinc contributed to an equal amount of 254 
phosphate adsorption. 255 
Then, the effect of co-existing phosphate on the adsorption of Zn(II) was 256 
examined in the ‘Zn+P’ adsorption systems (Figure 3). Once again, the results showed 257 
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that the adsorption of Zn(II) on Fh was quite weak in the absence of phosphate. 258 
Similarly, the adsorption of Zn(II) on Fh significantly enhanced in the presence of 259 
phosphate, and the adsorption isotherm of Zn(II) leveled off after the concentration of 260 
phosphate rose to a relatively high level (1.6 mmol/g). The correlation between the 261 
adsorbed amounts of Zn(II) and phosphate was considered as well in the ‘Zn+P’ 262 
adsorption systems (Figure 3a). At relatively low concentrations (0.32 and 1.6 mM), 263 
phosphate could be completely adsorbed from water as well, while then only ~84% 264 
could be adsorbed as its concentration further increased to 3.2 mM. As phosphate 265 
showed much better affinity to Fh, it could be significantly adsorbed from water even 266 
in the extremely low adsorbed Zn(II) range. Similarly, we could calculate the mole 267 
ratio of adsorbed phosphate/Zn(II) for the saturated adsorption system (i.e., with 3.2 268 
mM phosphate), and the obtained value was approximately 2, (1.07/0.54). As for the 269 
enhanced adsorption of the two contaminants caused by each other, the calculated 270 
mole ratio was of ~1 as well. Therefore, the obtained values from the ‘Zn+P’ systems 271 
were well in agreement with those from the ‘P+Zn’ systems.    272 
3.3. Effects of pH on the adsorption of phosphate and Zn(II) 273 
Numerous studies have shown that solution pH can significantly affect the 274 
adsorption of ions on (oxyhydr)oxides (Mustafa, et al., 2004; Mallet, et al., 2013). A 275 
strong pH dependence of phosphate and Zn(II) adsorption on Fh was observed as well 276 
in this work (Figure 4). In the ‘P’ and ‘P+Zn’ adsorption systems, the adsorption 277 
capacity of phosphate continuously decreased as solution pH increased, which was 278 
well known for the adsorption of anions on (oxyhydr)oxides (Antelo et al., 2010; 279 
Barthelemy et al., 2012). Given that the PZC of Fh was about 7.9, increasing pH may 280 
either decrease the surface positive charge (at pH <7.9) or make it more negative (at 281 
pH >7.9), and thus weaken the electrostatic interactions between phosphate and Fh. In 282 
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addition, the different concentrations of protons also shift the ligand exchange 283 
reaction equilibrium (Dimirkou et al., 2009). The uptake of phosphate in the ‘P+Zn’ 284 
adsorption system at the pH range of 3.5-6.5 enhanced a lot compared to those in the 285 
‘P’ adsorption system. Besides, the co-adsorption of Zn(II) alleviated the effect of pH 286 
on phosphate, since the adsorption of Zn(II) would be expected to increase with the 287 
increasing pH and then promote the phosphate adsorption. 288 
In the ‘Zn’ adsorption system, the adsorption of Zn(II) increased sharply with the 289 
increase of pH due to the change of the electrostatic force. Moreover, the decreased 290 
protons that could compete with Zn(II) for adsorption sites also contributed to the 291 
increasing of Zn(II) adsorption. In the ‘Zn+P’ adsorption system, phosphate and Zn(II) 292 
exhibited a synergistic adsorption at different pH. At pH <4.5, the large amount of 293 
adsorbed phosphate greatly enhanced the adsorption of Zn(II). However, the 294 
adsorption of Zn(II) increased slowly at pH >4.5, because the solute concentration of 295 
Zn(II) was less than 0.01 mM and phosphate adsorption was reduced with the increase 296 
of pH. 297 
3.4. Bonding mode of phosphate and Zn(II) on Fh 298 
In the present study, the synergistic adsorption of phosphate and Zn(II) on Fh 299 
could be attributed to the formation of ternary complexes, electrostatic interactions, 300 
and/or surface precipitation. In order to obtain more information about the 301 
co-adsorption mechanism of phosphate and Zn(II) on Fh, XPS and ATR-FTIR were 302 
used to characterized the structure of complexes forming on Fh.  303 
The high-resolution XPS spectra and the best fit of phosphorus and Zn regions 304 
for the Fh samples after adsorption of contaminants, as well as that of the Zn3(PO4)2 305 
reference sample were displayed in figure 5. The phosphorus spectra showed 306 
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asymmetric peaks envelope from overlapping components and they were well fitted 307 
into P 2p3/2 and P 2p1/2 peaks. The P 2p peaks of samples in the ‘P’ and ‘P+Zn’ 308 
adsorption systems shifted slightly to lower binding energy, implying similar chemical 309 
environments for phosphorus. The possible reason for the slight shift could be the 310 
additional formation of outer-sphere complexes of phosphate in the simultaneous 311 
adsorption system, as the P 2p3/2 binding energy of NaH2PO4 was about 132.9 eV, 312 
being lower than that of the phosphate bound to Fe or Zn (Mallet et al., 2013). The 313 
spectra of the short and wide peaks at ~140 eV were identified as the Zn 3s peaks 314 
rather than peaks of phosphorus.  315 
The measured Zn 2p3/2 binding energy of sample in the ‘Zn’ adsorption system 316 
was 1021.6 eV which was close to the reference XPS data of ZnFe2O4 at 1021.3 eV 317 
(Moulder, 1992), indicating that Zn(II) bonded to the Fh surface directly in the “Zn” 318 
adsorption system. Meanwhile, the Zn 2p3/2 binding energy of Zn3(PO4)2 reference 319 
sample was observed to be 1022.7 eV. As for the sample in the ‘Zn+P’ adsorption 320 
system, peaks at 1021.6 and 1022.4 eV were fitted. In addition, the calculated area of 321 
the peak centered at 1022.4 eV was 2.84 times larger than that of the one centered at 322 
1021.6 eV, suggesting that a small fraction of Zn(II) was bound to the Fh surface 323 
while the majority of Zn(II) was bound to the adsorbed phosphate forming ternary 324 
complexes. Considering that the adsorbed Zn(II) that bound to the Fh surface (0.13 325 
mol) were much larger than those in the single adsorption system (0.05 mol), one may 326 
speculated that the co-existed phosphate also enhanced the affinity between Zn(II) and 327 
Fh resulting from electrostatic effects. 328 
ATR-FTIR spectroscopy was used to characterize the differences of phosphate 329 
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complexes forming on Fh in the single and simultaneous adsorption systems. We first 330 
compared the IR spectra of the adsorbed species to the spectrum of the dominant 331 
phosphoric acid species at the same pH to distinguish the inner-sphere from the 332 
outer-sphere adsorption complexes. As shown in Figure 6a, a total of three v3 bands at 333 
~1159, 1074, and 940 cm-1 and a v1 band at ~870 cm-1 were observed, thus, H2PO4- 334 
was the dominant phosphoric acid species at pH 5, with a symmetry of C2v (Elzinga 335 
and Sparks, 2007). As ATR–FTIR spectra was done at the slope of the absorption 336 
band of Fh (<1100 cm-1), it was difficult to preserve the phosphate v1 vibration at 337 
<800 cm-1 if present. Therefore, the changes in the phosphate v3 vibrations were 338 
mainly discussed here. The observed peak maxima of the v3 vibrations of the sample 339 
after adsorption of phosphate was significantly different from that of the phosphate 340 
solution species, which indicated the formation of inner-sphere complexes in the 341 
single adsorption system (Elzinga and Kretzschmar, 2013). As shown in Figure 6a, 342 
spectrum II for phosphate surface complexes on Fh tended to be more overlapping 343 
than that observed on hematite (Elzinga and Sparks, 2007). The band may represent 344 
an assemblage of a series of overlapping or narrower v3 bands associated with a set of 345 
different phosphate surface complexes. Given the amorphous nature of Fh, the 346 
presence of multiple phosphate complexes at the Fh surface was more likely than in 347 
the case of crystalline hematite. However, for convenient analysis to the spectrum in 348 
the simultaneous adsorption system, we regarded the broad peak as an assemblage of 349 
three v3 broad vibrations at ~1103, 1020, and ~920 cm-1, similar to that described by 350 
Arai and sparks (2001). 351 
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In order to evaluate the phosphate complexes in the presence of Zn(II), the 352 
difference spectrum obtained by subtracting the spectrum in the simultaneous 353 
adsorption system to that in the single adsorption system was displayed (Figure 6b). 354 
Distinct differences between the ternary difference spectrum and that of the Zn3(PO4)2 355 
precipitates indicated that bulk precipitation did not occur in the simultaneous 356 
adsorption system (Elzinga and Kretzschmar, 2013). The bands at ~1045 and 1067 357 
cm-1 were similar to the v3 vibrations of the phosphate solution with measurable shifts. 358 
The shifts would be attributed to the distortion of phosphate molecules formed 359 
outer-sphere complexes via electrostatic attractions or H-bonding. This result further 360 
supported the hypothesis mentioned above―the adsorption of Zn(II) could either 361 
increased the surface positive charge of Fh or made it less negative, making 362 
interaction between phosphate anions and the near-surface more favorable for the 363 
formation of outer-sphere complexes. 364 
The difference spectrum also showed bands at ~1020 and 920 cm-1 which were 365 
assigned to the v3 band locations of phosphate inner-sphere complexes, indicating that 366 
the presence of Zn(II) would promote the inner-sphere complexes formation of 367 
phosphate as well. Elzinga et al. (2001) observed opposite results in the co-adsorption 368 
of SO4 and Pb(II) on goethite, with obvious negative IR absorbance bands related to 369 
inner-sphere complexes of SO4 in the difference spectra. As such, they proposed that 370 
part of the adsorbed SO4 as inner-sphere complexes in the absence of Pb was replaced 371 
by the Pb-bridged ternary complexes in the simultaneous adsorption system. Thus, we 372 
believe phosphate-bridged ternary complexes were more likely formed in the 373 
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simultaneous adsorption system than Zn-bridged ternary complexes in our study. 374 
4. Conclusions  375 
The adsorption characteristics of phosphate and Zn(II) on Fh in single and 376 
simultaneous adsorption systems were investigated. The batch experiments illustrated 377 
an evident synergistic adsorption when phosphate and Zn(II) were co-adsorbed. In 378 
addition, both the uptakes of phosphate and Zn(II) in the single adsorption systems 379 
were highly pH dependent, but the dependence was alleviated in the simultaneous 380 
adsorption system. The XPS analysis suggested that Zn(II) had different chemical 381 
environment in the simultaneous adsorption system compared to that in the single 382 
adsorption system. In the simultaneous adsorption system, a small part of the 383 
adsorbed Zn(II) was bound to the surface of Fh directly while most others were bound 384 
to the adsorbed phosphate. On the contrary, the chemical environment of phosphorus 385 
showed less obvious differences in the two adsorption systems. ATR-FTIR results 386 
further suggested that the synergistic adsorption of the two contaminants were 387 
attributed to ternary complexes formation and electrostatic effects, while surface 388 
precipitation cannot be completely ruled out. Phosphate-bridged ternary complexes 389 
(i.e., ≡Fe-P-Zn) were likely the dominant ternary complexes in the simultaneous 390 
system for the following reasons: (1) the saturated adsorption of the two contaminants 391 
were achieved at phosphate concentration of 3.2 mM and Zn(II) of  1.6 mM in the 392 
batch experiments; (2) only a small fraction of Zn(II) was directly bound to the 393 
surface of Fh according to the characterization of XPS; (3) the difference spectrum 394 
18 
 
evidently showed the IR bands related to the formation of inner-sphere complexes for 395 
phosphate. 396 
This research suggested that oxyanion-bridged ternary complexes can be formed 397 
on Fh as well when specific cation-anion pair was co-adsorbed. In addition, this work 398 
also demonstrated that heavy metal cations with relatively low affinity to Fh may be 399 
significantly adsorbed when they were co-adsorbed with oxyanions. 400 
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